Aims/hypothesis Liver X receptors (LXRs) are important transcriptional regulators of lipid homeostasis and proliferation in several cell types. However, the roles of LXRs in pancreatic beta cells have not been fully established. The aim of this study was to investigate the effects of LXRs on pancreatic beta cell proliferation. Methods Gene expression was analysed using real-time RT-PCR. Transient transfection and reporter gene assays were used to determine the transcriptional activity of LXRs in pancreatic beta cells. Cell viability and proliferation were analysed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), DNA fluorometric, BrdU labelling and [
Introduction
Type 2 diabetes is a chronic disease arising from a combination of insulin resistance and defective insulin secretion [1] [2] [3] . During earlier stages of this disease, beta cells are able to maintain normoglycaemia through expansion of beta cell mass and enhanced insulin secretion. However, with the onset of insulin resistance, blood glucose and lipid levels become elevated, resulting in a progressive deterioration of beta cell function, which is associated with a loss of beta cell mass [3] . Progression to full-blown diabetes occurs when insulin hypersecretion by pancreatic beta cells fails to compensate for insulin resistance [1] . However, the mechanisms underlying this process remain poorly understood.
Beta cell mass plays an essential role in determining the amount of insulin that is secreted to maintain the body's glucose levels within a narrow range [4] . Regulation of beta cell mass represents a critical issue for understanding diabetes. There is considerable debate in the literature regarding the source of cells for islet expansion in adults. Recent evidence suggests that the beta cell population is not maintained by stem cells but by the replication of differentiated beta cells in adult rodents [5] , and that all beta cells contribute equally to the growth and maintenance of the beta cell mass [6] . Recent gene inactivation studies have revealed that cell cycle regulators play an essential role in regulating beta cell mass in adult rodents [7] . Because it inhibits cyclin-dependent kinase activity, p27 has recently been recognised as an important beta cell cycle regulator. Both transcriptional and post-translational mechanisms are involved in the regulation of cellular levels of p27. The S-phase kinase-associated protein 2 (SKP2)-mediated ubiquitin proteolytic pathway plays an essential and specific role in regulating p27 levels in pancreatic beta cells and is a critical determinant of beta cell proliferation [8] . Both overall and nuclear levels of p27 are increased in beta cells of some mouse models of type 2 diabetes [9] . Overproduction of p27 in beta cells leads to severe diabetes through a decrease in beta cell mass resulting from inhibition of beta cell proliferation [8, 9] . Deletion of p27 in these models prevents the development of overt hyperglycaemia and increases both islet mass and serum insulin concentration by stimulating beta cell proliferation [9] . Thus, manipulation of cell cycle regulators such as p27 during the development of type 2 diabetes can potentially restore islet mass [10, 11] .
The liver X receptors α and β (LXRα and LXRβ, respectively) are oxysterol-activated nuclear receptors [12] . Lxrα (also known as Nr1h3) is primarily expressed in the liver, intestine, adipose tissue and macrophages, whereas Lxrβ (also known as Nr1h2) is ubiquitously expressed [13] . LXRs have been shown to play an important role in the control of cellular and whole body cholesterol homeostasis [13] . Previous studies have reported that levels of LXRα and LXRβ are elevated in the pancreatic beta cells of rodent models of type 2 diabetes and these receptors have been implicated as important regulators of glucose and insulin metabolism [14] [15] [16] . In addition, it has been recently reported that activation of LXRs by T0901317 (T1317), a synthetic agonist, inhibits the proliferation of cancer cells [17] and vascular smooth muscle cells [18] , partially through p27 protein level upregulation. However, the role of LXRs in the regulation of pancreatic beta cell proliferation is not clear. Based on the results described above, the aim of the present study was to investigate the effects of LXRs on pancreatic beta cell proliferation using the beta cell lines HIT-T15 and MIN6 and isolated mouse islets.
Methods

Reagents
For a list of reagents and suppliers, see the Electronic supplementary material (ESM).
Cell culture
Hamster HIT-T15 and mouse MIN6 cell lines were established as described previously [19, 20] . The cell culture method is described in detail in the ESM. Both HIT-T15 and MIN6 cells exhibit glucose-inducible insulin secretion and retain the physiological characteristics of normal beta cells. Two cell lines from different species were used to verify that the effects of LXRs on beta cells were not species-specific. However, since mRNA sequences are not available for the majority of hamster genes, the gene expression analyses were solely performed in mouse MIN6 cells.
Islet isolation and culture
All animal studies were performed according to guidelines established by the Research Animal Care Committee of Nanjing Medical University. Male ICR mice (20-25 g; purchased from Shanghai Laboratory Animal Centre, Chinese Academy of Sciences, Shanghai, People's Republic of China) were used. Islet isolation and culturing techniques have been described previously [21] . Freshly isolated islets were transferred to sterile six well plates and cultured in DMEM containing 11.1 mmol/l glucose supplemented with 10% FBS. The islets were allowed to equilibrate for 3 h, after which they were counted and repicked into six well plates (400 islets per well for RNA or protein extraction) or 24 well plates (50 islets per well for [ 3 H]thymidine incorporation assays) and cultured overnight at 37°C for further studies.
Transient transfection and luciferase reporter assay
The luciferase reporter construct LXRE×3-TK-LUC was transiently transfected without or with pcDNA3, pcDNA3-hLXRα or pcDNA3-hLXRβ [22] into HIT-T15 or MIN6 cells grown in 24 well plates using the Lipofectamine 2000 reagent according to the manufacturer's instructions. A plasmid expressing the gene encoding β-galactosidase driven by the cytomegalovirus (CMV) promoter (Clontech Laboratories, Palo Alto, CA, USA) was simultaneously cotransfected as an internal control. The medium was replaced 4 h after transfection. Twenty-four hours after transfection, the cells were treated with the indicated concentrations of LXR agonists for an additional 24 h and harvested for luciferase reporter assays as described previously [21] .
Real-time RT-PCR assay MIN6 cells and isolated mouse islets were cultured and treated as described above. The total RNA was extracted using Trizol reagent. First-strand cDNA synthesis was performed using 1 μg of total RNA and an avian myeloblastosis virus reverse transcription system. The primers were designed using primer express software (Applied Biosystems, Foster City, CA, USA). Real-time quantitative PCR was performed using the SYBR Green PCR Master Mix and ABI Prism 7000 Sequence Detection System (Applied Biosystems). All data were analysed using the expression of the gene encoding β-actin as a reference. The sequences of the primers used are available upon request.
Adenovirus-mediated RNAi
The sequences of DNA nucleotides used to create mouse small interfering RNA (siRNA) were the same as used previously [23] [24] [25] and are shown in ESM Table 1 . The sequences were synthesised, annealed and subcloned into pShuttle-H1 according to the method of Shen et al. [26] . To allow infection efficiency to be conveniently monitored, the H1 siRNA fragments were cut from pShuttle-H1 and ligated into the pAdTrack-CMV plasmid upstream of the CMV-green fluorescent protein (GFP) cassette. The AdTrack-H1 siRNA plasmid was recombined with back- Fig. 1 LXRs are produced and are functionally active in pancreatic beta cells. a After being treated without (control, white bars) or with T1317 (10 μmol/l, black bars) for 48 h, levels of LXRα and LXRβ mRNA were analysed using real-time RT-PCR assays and normalised to β-actin levels. HIT-T15 (b) and MIN6 (c) cells were transiently transfected with LXRE×3-TK-LUC and treated without (control) or with the indicated concentrations of T1317 for 24 h. LXRE×3-TK-LUC was transiently cotransfected with pcDNA3, pcDNA3-hLXRα or pcDNA3-hLXRβ into HIT-T15 (d) or MIN6 (e) cells and treated without (control, white bars) or with T1317 (10 μmol/l, black bars) for 24 h. β-Galactosidase plasmids were cotransfected in all of the above experiments as an internal control. The relative values of LXRE luciferase activity to β-galactosidase are shown as means±SEM of three independent experiments. f T1317 induced the expression of typical LXR target genes in beta cells. MIN6 cells were treated without (control, white bars) or with 5 μmol/l (light grey bars), 10 μmol/l (dark grey bars) and 20 μmol/l (black bars) of T1317 for 48 h, followed by RNA extraction and real-time RT-PCR assays to determine the Srebp1c and Abca1 mRNA levels. The expression levels relative to β-actin are presented as the means±SEM of three separate experiments. *p<0.05, **p<0.01 vs control; † p<0.01 vs corresponding responses in cells cotransfected with control vector pcDNA3 and treated with T1317 (10 μmol/l) bone pAdEasy-1 in BJ5183 bacteria. Adenovirus generation, amplification, and titration were performed as described previously [27] . Viral particles were purified using the Virabind Adenovirus Purification Kit (Cell Biolabs, San Diego, CA, USA). MIN6 cells and isolated mouse islets were infected with adenovirus at a multiplicity of infection of 50 at 37°C and, 2 h after infection, the cells and islets were cultured in fresh medium for another 18 h before treating with T1317 (10 μmol/l) for 48 h.
Cell viability assay
Cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously [28] .
Cell proliferation assay
The three different methods described below were used to confirm the effects of LXR agonists on the proliferation of pancreatic beta cells.
DNA fluorometric assay Cell number was determined using DNA fluorometric assays in which DNA content was measured using the fluorescent dye Hoechst 33258 (Sigma Aldrich, St Louis, MO, USA) as described previously [29] . Fluorescence intensities were obtained using a SpectraMax Gemini EM fluorescent plate reader (Molecular Devices, Sunnyvale, CA, USA) at excitation and emission wavelengths of 350 and 460 nm, respectively.
BrdU labelling assay DNA synthesis was analysed using BrdU Labelling and Detection Kit I (Roche, Nonenwald, Germany) as described in the ESM. At least ten random fields per coverslip were counted for the labelled cells in three separate experiments using confocal microscopy. The BrdU labelling index was defined as the ratio of the number of BrdU-positive nuclei to the total number of nuclei within the fields. were then harvested for flow cytometry analyses as described previously [28] .
Western blot analysis HIT-T15 and MIN6 cells and isolated mouse islets were cultured and treated as described above, and the lysed with ice-cold lysis buffer containing 50 mmol/l Tris-HCl, pH 7.4; 1% NP-40; 150 mmol/l NaCl; 1 mmol/l EDTA; 1 mmol/l phenylmethylsulphonyl fluoride; and complete proteinase inhibitor mixture (one tablet per 10 ml; Roche Molecular Biochemicals, Indianapolis, IN, USA). After protein content determination using a DC Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA), western blotting was performed as described previously [28] .
Statistical analysis
Comparisons were performed using the Student's t test for two groups, or ANOVA for multiple groups. Results are presented as means±SEM. A p value of less than 0.05 was considered statistically significant. Using real-time RT-PCR assays, we found that both Lxrα and Lxrβ mRNA were present in mouse MIN6 cells and that Lxrβ was more abundantly expressed than Lxrα (Fig. 1a) . In recent studies, levels of both Lxrα and Lxrβ mRNA were elevated in pancreatic islets of rodent models of diabetes [16] . Interestingly, in the present study, as shown in Fig. 1a , we found that levels of both Lxrα and Lxrβ mRNA were significantly upregulated by treatment with an LXR agonist (T1317, 10 μmol/l). To determine whether LXRs are functionally active in pancreatic beta cells, transient transfection and luciferase reporter assays were performed in HIT-T15 and MIN6 cells. As depicted in Fig. 1b and c, T1317 dose-dependently increased LXR response element (LXRE) reporter gene activity in both HIT-T15 and MIN6 cells, with maximum induction occurring at a concentration of 10 μmol/l (increases of 134% and 104% vs control, respectively, p<0.01). When the concentration of LXR agonist was increased to 20 μmol/l, there was a (non-significant) decrease in LXRE reporter gene activity relative to that seen at 10 μmol/l, which may indicate cell toxicity. Therefore, 20 μmol/l was used as the highest concentration for LXR agonists in further studies. In addition, in HIT-T15 and MIN6 cells the elevations in LXRE reporter gene activity in the presence of T1317 (10 μmol/l) were further markedly increased by cotransfection of the Lxrα or Lxrβ expression plasmid with the LXRE×3-TK-LUC construct (p<0.01 vs corresponding responses in cells cotransfected with control vector pcDNA3 and treated with 10 μmol/l T1317; Fig. 1d,e) . Similar results were obtained with GW3965, another highly selective synthetic LXR agonist (ESM Fig. 1) . Moreover, T1317 (at concentrations ranging from 5 to 20 μmol/l) significantly induced the expression of typical LXR target genes Srebp1c (also known as Srepf1) and Abca1 (p<0.01, Fig. 1f ) in MIN6 cells. These data suggest that LXRs are functionally active in pancreatic beta cells, and the presence of T1317 or GW3965 indicate that our findings are essentially LXR specific.
LXR activation inhibits pancreatic beta cell proliferation
Maintenance of beta cell mass is critical for secretion of adequate amounts of insulin [1, 2] . To investigate the functional consequences of LXR activation in pancreatic beta cells, cell viability was determined using MTT assays. T1317 inhibited the viability of HIT-T15 and MIN6 cells in a dose-dependent manner (Fig. 2a,b) . Furthermore, GW3965 exerted an effect similar to T1317 (results not shown). It has been reported that LXR agonists suppress proliferation of different cell types [17, 18] . To further examine the effects of LXR activation on pancreatic beta cell growth, two different methods were used. Determina- (Fig. 3a,b) . BrdU labelling indexes, which reflect the DNA synthesis and cell proliferation rates, were significantly reduced in T1317-treated HIT-T15 and MIN6 cells in a dose-dependent manner (Fig. 3c-e) . Taken together, these results suggest that activation of LXRs inhibits pancreatic beta cell viability and proliferation.
LXR activation induces cell cycle arrest in pancreatic beta cells
We next investigated the mechanism by which LXR activation inhibits pancreatic beta cell proliferation. Using propidium iodide staining and flow cytometry analysis, we assessed the effects of LXR agonists on beta cell viability and cell cycle distributions. As depicted in Fig. 4a and b, treatment of HIT-T15 cells with T1317 for 48 h significantly increased the percentage of cells in G1 phase but decreased the percentage of cells in S phase in a dosedependent manner. However, no visible apoptosis was observed in response to T1317 treatment (Fig. 4c) . These results suggest that activation of LXRs induces pancreatic beta cell cycle arrest at the G1 phase.
LXR activation upregulates p27 protein production in beta cells and isolated mouse islets
In mammals, progression of the cell cycle from the G1 to S phase is governed by various genes [7] . To further elucidate the mechanism involved in cell cycle arrest by LXRs in beta cells, the effect of LXR activation on the mRNA levels of genes known to control G1 to S phase progression were determined using real-time RT-PCR assays. Surprisingly, the level of Skp2 mRNA was clearly decreased by T1317 (10 μmol/l) treatment (49% decrease, p<0.01; Fig. 5a ), whereas other mRNA levels were not significantly affected. It has been reported that the SKP2-mediated proteolytic pathway plays a critical role in regulating p27 protein levels in beta cells [8, 9, 11] . We therefore treated HIT-T15 and MIN6 cells with different concentrations of T1317 and determined the p27 protein levels by western blot analysis. As shown in Fig. 5b and c, T1317 dose-dependently increased the p27 protein levels in HIT-T15 and MIN6 cells and isolated mouse islets. However, the p27 (also known as Cdkn1b) mRNA level was not altered by T1317 treatment (Fig. 5a ), indicating that activation of LXRs upregulated the cellular level of p27 via a post-translational mechanism. To confirm this hypothesis, we examined the stability of the p27 protein after T1317 (10 μmol/l) treatment, using cycloheximide (50 μg/ml) to block de novo protein synthesis. As expected, the rate of p27 protein degradation was significantly decreased in HIT-T15 cells treated with T1317 (Fig. 5d). p27 knockdown reverses the growth inhibition and cell cycle arrest effects of LXR activation It has been reported that a relatively high dose of T1317 may have off-target effects [30] . To confirm that the effects of the LXR agonists used in this study were mediated by LXR activation, adenovirus-based RNA interference (RNAi) was used to knockdown LXRα and LXRβ in beta cells. As shown in ESM Fig. 2a and b, the expression of Lxrα and Lxrβ was suppressed by about 71% and 76%, respectively, by coinfection of MIN6 cells with adenoviruses expressing LXRα siRNA and LXRβ siRNA compared with control siRNA adenovirus-infected MIN6 cells. Inhibition of Lxrα and Lxrβ expression abolished the ability of T1317 (10 μmol/l) to upregulate levels of p27 and induce cell cycle arrest in beta cells (ESM Fig. 2c-f) . To further verify the functional involvement of p27 in cell cycle arrest induced by LXR activation, we introduced adenovirus-based RNAi to knockdown the expression of p27 in isolated mouse islets and MIN6 cells. Both the p27 and control siRNA adenoviral vectors coexpressed GFP, allowing the infection efficiency to be easily monitored (Fig. 6a) . The knockdown potencies of these adenovirusbased RNAi were confirmed by real-time RT-PCR and western blot analyses. As shown in Fig. 6b and c, levels of both p27 mRNA and the protein were strongly inhibited by p27 siRNA in mouse islets, whereas the control siRNA had no visible effect. Because [ 3 H]thymidine is incorporated into DNA during the S phase of the cell cycle, the [ 3 H]thymidine incorporation assay has been widely used to determine the rate of proliferation of pancreatic islets. As depicted in Fig. 6d , T1317 (10 μmol/l) significantly inhibited the [ 3 H]thymidine incorporation rate in isolated mouse islets (37% decrease, p<0.01), indicating that LXR activation also decreased the proliferation rate and the percentage of cells in S phase in primary mouse islets. Previous studies have shown that the p27 levels within beta cells plays an essential role in translating metabolic demands or other environmental treatments into regulation of beta cell mass, but has no obvious effect under normal physiological conditions [8, 9] . Concordant with these results, as shown in Fig. 6d, p27 knockdown reversed the inhibition of [ 3 H]thymidine by T1317 (10 μmol/l) in isolated mouse islets. However, p27 siRNA alone had no significant effect on the growth of mouse islets. Furthermore, adenovirus-based p27 siRNA was used to efficiently knockdown levels of both p27 mRNA and the protein in MIN6 cells (results not shown), and p27 knockdown almost completely reversed the T1317-induced cell cycle arrest at the G1 phase (Fig. 7) . These data implicate that the effects of LXR agonists in this study were dependent upon the expression or the LXR genes, and p27 is an important mediator of cell cycle arrest and growth inhibition by LXR activation.
Discussion
Type 2 diabetes is a chronic metabolic syndrome caused by insulin deficiency. The mechanisms involved are not fully understood; however, it is apparent that inadequate func- MIN6 cells were treated without (control, white bars) or with T1317 (10 μmol/l, black bars) for 48 h. The mRNA levels of the indicated genes were determined using real-time RT-PCR assays and normalised to β-actin levels, and are shown as the means±SEM of three separate experiments. **p<0.01 vs control. MIN6 and HIT-T15 cells (b) and isolated mouse islets (c) were treated without (control) or with the indicated concentrations of T1317 for 48 h. d HIT-T15 cells were treated without (control) or with T1317 (10 μmol/l) for 48 h, at which time cycloheximide (50 μg/ml) was added for the indicated periods of time. All the treated cells were then harvested and lysed for western blot analyses to determine the protein levels of p27 and β-actin (as a loading control). Representative immunoblots and a graph showing protein levels of p27 relative to β-actin (triangles, control; squares, T1317) are shown (d). Data are the means±SEM of three separate experiments tional beta cell mass is important. Several lines of evidence indicate that dysregulation of beta cell proliferation is a fundamental feature in the pathogenesis of type 2 diabetes [1, 5] . Beta cell mass is dynamic, changing throughout the development of type 2 diabetes. During the early stages of this disease, beta cell mass increases via proliferation to compensate for the increased insulin demand that results from insulin resistance. As the development of insulin resistance progresses during the later stage of type 2 diabetes, beta cells fail to further proliferate in the face of progressive increases in blood glucose and lipid levels (hyperglycaemia and hyperlipidaemia). Eventually, fullblown diabetes ensues.
LXRs are activated by naturally produced oxysterols and synthetic compounds such as T1317 and GW3965 [31] , and have emerged as important regulators of lipid and lipoprotein metabolism [32] . However, the role of LXRs in metabolic regulation has yet to be fully established. It has previously been reported that administration of synthetic LXR agonist improved glucose tolerance in a murine model of diet-induced obesity and insulin resistance, and LXR stimulation reduced serum glucose in diabetic db/db mice and Zucker diabetic fatty (ZDF) rats [32, 33] . In contrast, Chisholm et al. [14] demonstrated that the LXR agonist T1317 induced severe lipogenesis and insulin resistance in db/db diabetic mice. Furthermore, LXR-deficient mice exhibited improved metabolic control [15] . These results indicate that LXR can exert different effects on metabolic regulation depending on the level and duration of LXR activation and/or other environmental conditions. Previous studies have reported that both Lxrα and Lxrβ mRNA levels are significantly elevated in the pancreatic islets of animal models of type 2 diabetes [16] . In this study we found that both Lxrα and Lxrβ mRNA was present and significantly upregulated by the addition of LXR agonists to beta cells, suggesting that LXR elevation might be involved in pancreatic beta cell dysfunction in type 2 diabetes. Moreover, levels of oxysterols, endogenous activators of LXRs, are markedly upregulated in the blood plasma of patients with type 2 diabetes [34, 35] . Importantly, Mitro et al. [36] demonstrated that glucose also activates LXRs at physiological concentrations. During the development of type 2 diabetes, both blood glucose and lipid (including oxysterol) levels progressively increase. All these data suggest that, during type 2 diabetes development, the activation and transcriptional activity of LXRs are upregu- lated accordingly. Although LXRs are important regulators of fatty acid metabolism and insulin secretion under physiological conditions [13, 37] , chronic aberrant activation of LXRs may result in deleterious effects on the organism. Consistent with this hypothesis, in the present study we found that the LXR genes were expressed and transactivated LXRE in HIT-T15 and MIN6 cells, and chronic activation of LXRs inhibited beta cell proliferation through cell cycle arrest.
Several factors have recently been implicated in the regulation of beta cell cycle progression and beta cell mass maintenance [10] . The cyclin-dependent kinase inhibitor p27 has recently been recognised as an important regulator of beta cell cycle transition and proliferation [8, 9, 11] . Protein levels of p27 have been shown to be regulated at transcriptional and post-translational levels. In pancreatic beta cells, the SKP2-mediated post-translational ubiquitin proteolytic pathway plays an essential role in regulating the cellular abundance of p27 [8] . In this study we found that that LXR activation induced cell cycle arrest at the G1 phase in pancreatic beta cells. Meanwhile, activation of LXRs obviously decreased Skp2 mRNA levels and upregulated p27 protein levels in beta cells. In addition, the rate of p27 protein degradation was significantly decreased in beta cells treated with T1317. However, the p27 mRNA level did not change in response to treatment with T1317 (Figs 5a,d, 6b ), indicating that LXR activation may upregulate the p27 level primarily through a post-translational mechanism. However, the precise role of SKP2 in this process remains to be clarified. To further investigate the involvement of p27 upregulation in LXR activationinduced cell cycle arrest in pancreatic beta cells, we introduced adenovirus-based RNAi for targeted knockdown of p27 in isolated mouse islets and MIN6 cells. Knockdown of p27 almost completely prevented the effects of LXR activation on [ 3 H]thymidine incorporation and cell cycle arrest. Based on these results, we conclude that aberrant activation of LXR-induced cell cycle arrest and growth inhibition, at least partly through an increase in p27 levels, may account for the deficient beta cell mass that results in uncontrolled diabetes, although further studies are need to confirm the role of this pathway in vivo.
Increased apoptosis induced by hyperglycaemia and/or hyperlipidaemia has been implicated as an important mechanism for beta cell mass inadequacy in type 2 diabetes [1, 3] . However, once thought incapable of significant proliferation, pancreatic beta cells have recently been shown to have an immense capacity for self-renewal [4, 10] . There is growing evidence to suggest that beta cell mass is maintained by the replication of differentiated beta cells in adult rodents and that all beta cells contribute equally to the growth and maintenance of beta cell mass [6, 38] . These results suggest that both increased apoptosis and deficient self-proliferation are very important for beta cell mass impairment in type 2 diabetes. At the time our experiments were being conducted, Wente et al. [39] published a paper demonstrating that activation by a combination of LXRs and RXRs induced growth arrest and apoptosis in MIN6 cells and isolated rat islets, whereas LXR activation alone had no effect. Meanwhile, Choe et al. [16] reported that chronic activation of LXRs by T1317 induced cell apoptosis in rat INS-1 cells and isolated rat islets. However, in the present study we demonstrated that activation of LXRs inhibits pancreatic beta cell proliferation through cell cycle arrest in hamster HIT-T15 cells, mouse MIN6 cells and isolated mouse islets. Different levels and durations of LXR activation and species-specific difference in the response to agonists may account for the different effects of LXRs on beta cell growth [40, 41] . Nevertheless, the different mechanisms demonstrated by previous studies and ours may help us to fully understand the causes of beta cell dysfunction in type 2 diabetes.
In conclusion, we report for the first time that activation of LXRs induced cell cycle arrest and growth inhibition in pancreatic beta cells. Stabilisation and upregulation of levels of p27 may mediate the effects of LXR activation on beta cell proliferation. Our studies contribute to the understanding of the mechanisms responsible for the inadequate functional beta cell mass in type 2 diabetes and point to targets for possible interventions during the development of this disorder.
